Three factorial experiments were conducted to evaluate the effects of various Ca:P ratios (1:l. 2:l and 3:l) in diets having deficient (.3%), adequate (.6%) and excess (.9%) levels of dietary P on rate and efficiency of gain and bone strength of 192 pigs from 18 to 40 kg BW. A corn-soybean meal diet fortified with minerals and vitamins (but not vitamin K) was fed. Levels of Ca and P were achieved by adjusting the amounts of dicalcium phosphate and ground limestone in the diet. The corn was free of detectable mycotoxins. A hemorrhagic condition occurred in Exp. 1 in pigs fed the higher dietary Ca levels; all eight of the pigs fed 2.7% dietary Ca died of internal hemorrhage within the initial 28 d of the experiment. Vitamin K (5 mg menadione [as menadione dimethylpyrmidinole bisulfitelkg) was added to half of the diets of the remaining animals and the experiment was continued for an additional 14 d prothrombin and whole blood clotting times were increaseed (P < .01) in pigs fed high Ca without vitamin K but were nonnal in pigs fed high Ca with added vitamin K. Similar trends in clotting times occurred in a second experiment. A Wid experiment was conducted to determine whether the addition of vitamin K could reverse the hemomhagic condition induced by feeding high dietary Ca for 28 d As in the other two experiments, clotting times were increased (P < .Ol) in pigs fed high Ca and no vitamin K.
The original objectives of this study were to evaluate the interactive effects of Ca:P ratio and P level in the diet on growth rate, efficiency of feed utilization and on bone strength of growing pigs. Because of a hemorrhagic condition that occurred in pigs fed the higher Ca levels, we also were able to evaluate the interactive effects of vitamin K and Ca on the blood clotting status of pigs.
Materials and Methods
Three experiments involving 192 pigs were conducted to evaluate the effects of Ca:P ratio (l:l, 2:l and 3:l) in diets having deficient (.3%), adequate (.6%) and excess (.9%) levels of P on performance and bone traits. Hamp shire-Yorkshire crossbred pigs from the University of Kentucky swine research herd were used in the study. The pigs were allotted randomly to treatments from outcome groups based on weight within sex and ancestry. The pigs were housed in raised pens with expanded metal floors in a temperatureumtrolled building. They were allowed ad libitum access to feed and water. The pigs were allowed contact with their feces that did not pass through the floors of the pens.
The basal diet consisted of corn and soybean meal calculated to contain .8% lysine. Feed-grade dicalcium phosphate and ground calcitic limestone were added to obtain the 3~o d t 1 TM, hstron corp., canton, MA.
desired Ca and P levels ( Table 1) . Trace minerals and vitamins (but not vitamin K) were added to meet or exceed NRC (1979) standards. Because of the high level of Ca added to certain diets, Zn was included at 200 mg/kg. The basal diet also contained an antibiotic (chlortetracycline, 110 m a g ) .
Prior to and during the time this research was conducted, vitamin K was not added to any of the diets in the herd from which the experimental pigs originated. Dehydrated alfalfa meal (a good source of vitamin K; NRC, 1988) was included, however, in most of the sow gestation and lactation diets. The sows were kept in confinement stalls during gestation and lactation and had little opportunity to come into contact with their feces.
At the termination of each trial, the pigs from two replications were killed (electrically stunned and bled) and the third and fourth metatarsals and metacarpals were removed from each rear and front foot. The two femurs also were removed. Breaking strength was determined on these bones using an Instron instrument3. These same bones also were removed from all pigs that died during the experiment. Fresh bones were placed in a horizontal position on two suppofis placed 3.5 cm apart for the metatarsals and metacarpals and 8.5 cm apart for the femurs. The amount of force, applied at the center of the bone, requjred to break the bone was defied as breaking strength. The procedures were similar to those described by Cromwell et d. (1972 for an additional 14 d. At the end of the experiment, all pigs were bled and whole blood and prothrombin clotting times were determined Experiment 2 was a factorial experiment in which two Ca:P ratios (1:l and 3:1), three levels of P (.3, .6 and .9%) and two levels of added vitamin K (0 or 5 mg/kg) were evaluated. Each diet was fed for 42 d to three pen-replicates (two pens of one pig each and one pen of two pigs; two barrows, two gilts/ treatment). The average initial weight of the pigs was 16 kg. The pigs were bled at the end of the experiment and whole blood and prothrombin clotting times were determined.
Experiment 3 consisted of a factorial arrangement of three Ca:P ratios (l:l, 2:l and 3:l) and two levels of dietary P (.6 and .9%).
Vitamin K was not added during the initial 28 d of the study. After 28 d, vitamin K (5 m&) was added to half of the dies, and the experiment was continued for an additional 22 d. Each of the 12 diets was fed to three penreplicates of two pigs (one barrow and one gilt) each. The pigs initially averaged 18 kg in BW. Blood was collected at the beginning, on d 28 and at the end of the experiment, and whole blood and prothrombin clotting times were determined as in the preceding experiments. procedure that is used routinely in human medicine. This procedure involved rabbit cephalin brain thromboplastina as the extrinsic activator. Clotting time in this procedure was determined by a photo-optic system7.
During
Whole blood clotting time was determined by stirring 1.0 ml of blood with a V-shaped bacterial inoculation wire loop and recording the time for a string clot to form.
Plasma Ca Analysis. In Exp. 3, Ca in heparinized plasma samples was determined by placing .1 ml of plasma in 4.9 ml of a 9:l mixture of nitrkperchloric acid. Samples then were heated to 35'C for 30 min. The Ca content of the digested sample was analyzed by atomic absorption spectrophotometry.8.
Statistical Analysis. The data in each experiment were analyzed as a randomized complete block design by variance procedures (Steel and Torrie, 1980) using the GLM proceQlre of SAS (1985) . In all cases the pen was considered as the experimental unit. In an additional analysis, the data from all three experiments were pooled and analyzed as an incomplete block design using two separate models. In the fust model, Ca:P ratio, P level, Whole blood clotting times followed response patterns similar to prothrombin times (Table 3) ; however, whole blood clotting times were more variable, with CV that were 4 to 5 times greater than the CV for prothrombin times. Greater variabfity in whole blood clotting times has been reported previously (Suttie, 1985 To evaluate the effects of vitamin K on Ca homeostasis, plasma Ca was determined in Exp. 3. In pigs fed vitamin K, plasma Ca increased from 10.8 mddl in pigs fed .6% Ca to 13.2 mg/dl in pigs fed 1.8% Ca, then tended to remain constant (Figure 3) . In pigs not fed vitamin K, plasma Ca was higher; it decreased from 13.4 mg/dl in pigs fed .6% Ca to 11.2 mddl in pigs fed 1.2% Ca and rose to 14.3 mg/d when higher levels of dietary Ca were fed These response patterns resulted in a Ca level x vitamin K interaction (P < .02).
The plasma Ca response to dietary Ca in the presence of vitamin K is in general agreement with the data of Nielsen et al. (1971) . who found that increasing dietary Ca from .7 to 1.2% increased serum Ca from 11 to 14 mg/dl. Reinhart and Mahan (1986) found that increasing the Ca:P ratio from 1.3:l to 4:l resulted in an increase in serum Ca from 11.0 to 13.1 mg/ dl in growing pigs fed .6% dietary P. However, Vitamin K has been shown to be involved in the regulation of Ca in the urine (Robert et al., 1985) . They reported that vitamin K deficiency in rats resulted in hypercalciuria and decreased plasma Ca. Hall (1988) found that vitamin K addition to a purified (dextrose-casein) diet containing 3.0% Ca resulted in a threefold increase in apparent digestibility (i.e., absorption) and retention of Ca in pigs. The increased amount of Ca absorption increased plasma Ca levels in pigs fed vitamin K. These results and those of the present study indicate that Ca homeostasis is a vitamin Kdependent process.
Very few cases of experimentally-induced vitamin K deficiency in rats, pigs or humans have been reported. Doisy (1974) fed purified diets to human subjects for 6 mo before creating a vitamin K deficiency. Brooks et al. k e c t of P (P < .01).
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W e c t of Ca:P ratio (P < .lo). %A4 = metacarpal-metatarsal. Mean for the third and fourth metatarsals from each rear foot and the third and fourth metacarpals from each front foot. of vitamin K from the gut, or destroys the activity of vitamin K is unknown.
These findings are important with respect to human nutrition. High levels of Ca supplements often are being consumed indiscriminately in an attempt either to prevent ostwporosis in postmenopausal women or for the control of hypertension (Anonymous, 1985) . Our data suggest that high intake of Ca may increase the risk of prolonged blood clotting time if intake of vitamin K is marginal or low.
Performance and Bone Responses. Vitamin K did not affect pig performance (growth rate, feed intake, fWgain) or bone breaking strength in any of the trials; no iateractions of vitamin K with P level or with the Ca:P ratio were detected for any of these traits. Therefore, only the effects of the dietary Ca and P levels and the Ca:P ratio are presented ( Table 4 ). In addition, the data of all three experiments were p l e d and least squares means for the nine (Figure 4) .
In general, pigs fed the deficient level of P (.3%) grew at a slower rate (P < .001) and were less efficient (P < .02) than those fed adequate levels of P (.6 and .9%). Increasing the Ca.P ratio from 1:l to 2:1 or 3:1 depressed both rate (P < .07) and efficiency (P < .001) of gain. These depressions occurred at each level of dietary P, with no evidence of a P level x Ca:P ratio interaction (P > .20). Pigs fed the 2: 1 and 3:l ratios of Ca:P gained 3 and 7% more slowly and required 5 and 12% more feed per unit of gain, respectively, than those fed the 1: 1 ratio of Cap, averaged across the three P levels. The higher fedgain ratios of pigs fed the high Ca, high P diets can be attributed partially to the higher levels (up to 7.5% more) of dicalcium phosphate and ground limestone, which tended to reduce the energy content of the diet. Reinhart and Mahan (1986) also found that increasing the Ca:P ratio from 1.3: 1 to 3:l resulted in a 16% decrease in daily gain and an 11% higher feed:gain ratio in growing pigs.
Bone breaking strength was markedly reduced (P < .MU) in pigs fed the deficient level of P (.396) compared with the two higher levels of P (Figure 4 P, resulting in a P level x @ . P ratio interaction (P < .03 for femur, P < .12 for metatarsal-metacarpal).
Reinhart and Mahan (1986) also noted a Ca:
P ratio x P level interaction on bone bending moment. However, in their study, bone bending moment was found to decrease in pigs fed Ca:P ratios of 3:1 compared with 2:l or 1. ratio from 1:l to 3:l) at the deficient level of P AT,.
